Neuroendocrine theories of brain development hold testosterone as the predominant factor mediating sex-specific cortical growth and the ensuing lateralization of hemispheric function. However, studies to date have focussed on prenatal testosterone rather than pubertal changes in testosterone. Yet, animal studies have shown a high density of androgen-sensitive receptors in multiple key cortical areas, and puberty is known to coincide with both a significant rise in testosterone and the emergence of behavioral sex differences, suggesting peripubertal influences of testosterone on brain development. Here, we used linear mixed models to examine sex-specific cortical maturation associated with changes in testosterone levels in a longitudinal sample of developmentally healthy children and adolescents. A significant "sex by age by testosterone" interaction on cortical thickness (CTh) involving widespread areas of the developing brain was found. Testosterone levels were associated with CTh changes in regions of the left hemisphere in males and of the right hemisphere in females. In both sexes, the relationship between testosterone and CTh varied across the age span. These findings show the association between testosterone and CTh to be complex, highly dynamic, and to vary, depending on sex and age; they also suggest sex-related hemispheric lateralization effects of testosterone in humans.
Introduction
Testosterone is thought to play an important role in sexual differentiation of the central nervous system, given the extent to which it crosses the blood-brain barrier (Kimura 2000) , as well as observations that in males, presumably due to testosterone-related lateralization effects, the left hemisphere undergoes more restricted growth than the right hemisphere in utero (Geschwind and Galaburda 1985) . Previous animal studies identified androgen receptors in multiple cortical areas (Goldstein et al. 2001) , as well as a sex-specific effect in which testosterone appears to protect against neuronal loss in females (Davis et al. 1996) , suggesting not only that testosterone plays a role in brain development, but also that it may significantly modulate development of the cortex, a part of the brain known to retain plasticity throughout adolescence and even throughout adulthood (Draganski et al. 2002 (Draganski et al. , 2004 Haier et al. 2009 ). Further confirming this, a recent human study examining the relationship between cortical thickness (CTh) changes across adolescence and specific androgen receptor genotype/activity reveals dynamic sex-specific and androgen receptor-specific changes in gray matter (GM) across puberty (Raznahan et al. 2010 ). Yet, most reports examining testosterone-related effects on the human brain have used functional magnetic resonance imaging (MRI) techniques or cross-sectional designs and have been conducted on small samples, restricted age spans, or adult subjects (Goldstein et al. 2001; Azad et al. 2003; Miller et al. 2004; Archer et al. 2005; Hermans et al. 2008; Neufang et al. 2009; Peper et al. 2009; Witte et al. 2009; Bos et al. 2010; Paus et al. 2010; Bramen et al. 2011; Herbst-Damm et al. 2005) .
The critical time period for testosterone-related effects is also debatable: previous reports have focussed on the perinatal and early childhood period, whereas recent observations have identified continuing effects even throughout adolescence and young adulthood (Neufang et al. 2009; Peper et al. 2009; Witte et al. 2009; Paus et al. 2010; Bramen et al. 2011) . Puberty is also known to coincide with both (1) sex-specific significant increases in testosterone levels and (2) increased behavioral differentiation between sexes, suggesting that this is an important time period during which changes in testosterone levels can affect brain development (Waber et al. 2007) .
Although results have varied considerably, initial studies of adolescent samples mostly found testosterone to be associated with decreases in GM volumes, particularly in the left frontal and parietal lobes (Neufang et al. 2009; Peper et al. 2009; Witte et al. 2009; Paus et al. 2010; Bramen et al. 2011) . However, findings have been inconsistent between males and females, and limited regional effects have been observed, with most studies reporting instead changes in overall or lobar GM volumes. Of note, no study to date has examined testosterone-related associations with GM in a longitudinal sample including prepubertal as well as postpubertal subjects and spanning a broad age range.
Here, we examined testosterone-related longitudinal changes in CTh in children from 4 to 22 years of age using a representative, population-based sample (Evans 2006; BDC Group) . Given the limitations of the current literature, only broad, exploratory hypotheses could be elicited: we expected (1) localized effects of testosterone to be more apparent in the frontal and parietal lobes (Neufang et al. 2009; Peper et al. 2009; Witte et al. 2009; Paus et al. 2010; Bramen et al. 2011), (2) positive associations between testosterone and CTh in females, given the alleged protective effects of testosterone on cortical development in females (Davis et al. 1996) , and (3) a sex-specific differential effect of testosterone levels on the left compared with the right hemisphere, with males more likely to exhibit testosterone-related decreases in CTh of the left hemisphere throughout puberty, given the hypothesized effects of testosterone on hemispheric lateralization (Geschwind and Galaburda 1985) .
Materials and Methods

Sampling and Recruitment
The National Institutes of Health (NIH) MRI Study of Normal Brain Development is a multisite project providing a normative database to characterize healthy brain maturation in relationship to behavior (Evans 2006) . Subjects were recruited across the United States of America with a population-based sampling method seeking to achieve a representative sample in terms of income level and composition by race and ethnicity based on the US 2000 Census (Evans 2006) . Informed consent from parents and child assent were obtained for all subjects. Detailed sampling methodology has been described elsewhere (Evans 2006) . The Objective 1 database (release 4.0) used for this study included 433 healthy children from 4 to 22 years (226 females and 207 males), who underwent extensive cognitive, neuropsychological, and behavioral testing along with repeated MRI brain imaging every 2 years, with a maximum of 3 scans over 4 years. In order to limit the sample to developmentally healthy children, rigorous exclusion criteria were applied, including current or past treatment for diagnostic and statistical manual of mental disorders-IV axis 1 psychiatric disorders, learning disabilities, evidence of significant axis I disorders on structured parent or child interview (DICA), family history of major axis 1 disorder, family history of inherited neurological disorder or mental retardation due to nontraumatic events, abnormality on neurological examination, gestational age at birth <37 or >42 weeks, and intra-uterine exposure to substances known or highly suspected to alter brain structure or function. After strict quality control of MRI data (see "Image Processing"), the sample for this study numbered 281 subjects (154 females and 127 males), with a total of 469 MRI scans (270 scans from female subjects and 199 scans from male subjects). Of these subjects, 135 had 1 MRI scan, 104 had 2 MRI scans, and 42 had 3 MRI scans.
MRI Protocol
A 3-dimensional T1-weighted spoiled gradient recalled echo sequence from 1.5 T scanners was obtained on each participant, with 1 mm isotropic data acquired sagittally from the entire head for most scanners (slice thickness of ca. 1.5 mm was allowed for GE scanners due to their limit of 124 slices). In addition, T2-weighted and proton densityweighted images were acquired using a 2D multislice (2 mm) dual echo fast spin echo sequence. The total acquisition time was approximately 25 min and was often repeated when indicated by the scannerside quality control process. Some subjects were unable to tolerate this procedure and received a fallback protocol that consisted of shorter 2D acquisitions with a slice thickness of 3 mm (Evans 2006) .
Image Processing
All quality-controlled MR images were processed through the CIVET pipeline (version 1.1.9) developed at the Montreal Neurological Institute (MNI) for fully automated structural image analysis (Ad-Dab'bagh et al. 2006) . The main pipeline processing steps include:
(1) linearly registering native (i.e. original) MR images to standardized MNI-Talairach space based on the ICBM152 data set (Talairach and Tournoux 1988; Collins et al. 1994; Mazziotta et al. 1995 ). This step is implemented in order to account for gross volume differences between subjects; (2) correct for intensity nonuniformity artifacts using N3 (Sled et al. 1998) . These artifacts are introduced by the scanner and need to be removed to minimize, in the current context, biases in estimating GM boundaries; (3) classify the image into white matter (WM), GM, cerebrospinal fluid, and background using a neural net classifier (INSECT) (Zijdenbos et al. 2002) Kabani et al. 2001; Kim et al. 2005; Lyttelton et al. 2007 ). This step places 40 962 cortical points on each hemisphere for each subject; (5) register both cortical surfaces for each hemisphere nonlinearly to a high-resolution average surface template generated from the ICBM152 data set in order to establish intersubject correspondence of the cortical points (Mazziotta et al. 1995; Grabner et al. 2006; Lyttelton et al. 2007 ); (6) apply a reverse of the linear transformation performed on the images of each subject to allow CTh estimations to be made at each cortical point in the native space of the MR image (AdDab'bagh et al. 2005) . This avoids having CTh estimations biased by the scaling factor introduced by the linear transformations (i.e. step 1) applied to each subject's brain; (7) calculate CTh at each cortical point using the metric and blur each subject's CTh map using a 20 mm full width at half maximum surface-based diffusion smoothing kernel (a necessary step to impose a normal distribution to corticometric data and to increase the signal-to-noise ratio) (Chung et al. 2001) .
A stringent manual quality control by 2 independent investigators of the native CTh images of each subject was implemented, with an inter-rater reliability of over 0.9 ). This strict quality control procedure excluded MRI scans from: (1) subjects with fallback protocols, who could not remain in the scanner for an extended period of time and had to undergo faster MRI acquisition, resulting in a degree of resolution too low for an adequate estimation of CTh; (2) subjects with severe motion abnormalities resulting in image processing failures; (3) subjects with strong field inhomogeneity in the image that could not be adequately corrected; and (4) subjects with no available measurement of salivary testosterone levels or inadequate sampling.
Testosterone Collection
Repeated testosterone measures were collected in the context of each scanning session, up to a maximum of 3 times if the subjects underwent 3 scanning sessions. For each scanning visit, 2 separate 1-3 cm 3 samples of saliva were collected at each of 2 scheduled time points during the day and were assayed by published radioimmunoassay methods for testosterone (Evans 2006) . Relative to other gonadal hormones, peripheral levels of testosterone may be particularly useful in efforts to assess its effect on the central nervous system, given its tendency to cross the blood-brain barrier, in contrast to estradiol which is mostly bound to alpha-fetoprotein (Kimura 2000) . In particular, salivary testosterone measures represent free, biologically available hormone, which may be more relevant to studies of brain-hormone associations during development compared with total serum testosterone levels. Although most samples were obtained between midmorning and early afternoon, a period of reduced diurnal fluctuation for testosterone, variability of collection times led to the selection of the earliest sample of testosterone for each subject in order to maximize data homogeneity. Indeed, levels of testosterone have been shown to follow diurnal patterns, particularly in males, with the highest levels in the early morning and the lowest levels in the late afternoon (Brambilla et al. 2009 ).
Pubertal Measures
The Pubertal Development Scale (PDS) was administered to all subjects included in this study (Petersen et al. 1988 ). This scale consists of 5 items on a 4-point ordinal scale for each gender and has been shown to have good reliability (coefficient α: 0.77) and validity (r 2 = 0.61-0.67) compared with physical examination (Petersen et al. 1988 ). Utilization of a reliable self-rating scale for Tanner staging preserves the privacy of the children in the study and saves the time that would be necessary to gather this information through direct examination. This self-rating scale was completed by the child/adolescent with the clinician present who was available for questions and reviewed and clarified the form with the child/adolescent at the end of their neurological exam. Following the method previously used by Wichstrom (1999) , we computed a puberty variable consisting of 5 stages, representing increasing levels of physical maturity similar to Tanner staging. These pubertal stages were linearly associated with the natural logarithm of testosterone in both male and female subjects. In addition, we also defined a dichotomous puberty variable for pre-and postpubertal stages, with stages 1 and 2 representing prepubertal subjects and stages 3-5 representing postpubertal subjects in order to analyze data for these 2 groups independently.
Handedness A measure of hand preference was adapted from the Edinburgh Handedness Inventory. It included handwriting and 7 gestural commands. The criterion for hand preference was defined as at least 7 of 8 responses with the same hand (Waber et al. 2007 ).
Statistical Analyses
Statistical analyses were done using SurfStat (http://www.math.mcgill. ca/keith/surfstat/) and SPSS 18 (SPSS Inc., Chicago, IL, USA). Consistent with other studies (Dorn et al. 2009 ), a natural logarithm transformation of testosterone (ln_testo) was used to avoid analytical bias. In our sample, the association between ln_testo and age was linear in both males and females ( Supplementary Fig. S1 ). In addition, contrary to previous reports, GM trajectories across the broader age range in our total sample have been found to be best described by firstorder linear functions in contrast to cubic or quadratic functions (Lange, Brain Development Cooperative Group 2011) , and consequently, first-order linear models were used ( Supplementary Fig. S2 ).
To account for repeated testosterone measures and MRI scans in each of the subjects, a linear mixed-effects model was used, taking into account within-subject and between-subject variance. Using this linear mixed-effects model, each subject's absolute native-space CTh was linearly regressed against ln_testo at each cortical point after controlling for the effects of age, sex, total brain volume, and testosterone collection time (see "Testosterone Collection"). Note that controlling for scanner did not significantly affect the results, and the "scanner" was therefore removed from the final model.
A whole-brain correction, using random field theory (RFT) with P < 0.05, was used in all analyses to account for multiple comparisons (Worsley et al. 2004) . Each analysis was conducted on the whole sample as well as on each sex separately. Age or sex differences in the association between ln_testo and CTh were tested using models with the appropriate double interaction terms included. Further, the interaction among testosterone, age, and sex was tested using a full model, with a "sex by age by testosterone" interaction as the highest-order term.
To illustrate differences in the association between ln_testo and CTh for subjects at different ages, linear mixed-effects models were run at different centered ages (from age 4 to 22). This approach is similar to other published methods and uses a modified age term to examine group differences at each age based on values estimated from developmental trajectories modeled on acquired data for all subjects (Shaw et al. 2006) .
To assess for testosterone-related lateralization, again using linear mixed models with whole-brain corrections for RFT, we compared the associations between testosterone and CTh of the left versus the right hemisphere in males and females separately, controlling for age, total brain volume, and testosterone collection time and examining the "testosterone by age by hemisphere" interaction. We also assessed lateralization effects in the complete sample by examining the "testosterone by age by hemisphere by sex" interaction.
To assess the impact of puberty as defined by the PDS, we replaced the ln_testo variable in the model by the ordinal puberty variable consisting of 5 pubertal stages. We also ran separate analyses with both the ln_testo and puberty variables to determine the effect of each predictor variable while controlling for the other.
To assess the impact of handedness, we reanalyzed the association between testosterone and CTh using linear mixed models with wholebrain corrections for RFT, taking into account the effect of handedness in addition to all the aforementioned control variables (age, sex, total brain volume, and testosterone collection time). Table 1 shows the demographic characteristics of males and females in the restricted sample. As expected, males (mean 71.6 ± 65.4 ng/dL) had significantly higher average testosterone levels compared with females (mean 52.7 ± 52.8 ng/dL), but there were no other significant differences between the 2 sexes in our sample, including for handedness. Comparisons between demographic characteristics of the initial NIH cohort (n = 433) and the resulting sample after strict quality control for CTh (n = 281, 127 males and 154 females) are shown in Supplementary Table S1. Mean age was higher in the restricted sample (mean 13.1 ± 3.6; range 4-22 years) as opposed to the initial NIH cohort (mean 11.8 ± 4.1; range 4.6-22.3 years), as younger age was associated with higher rates of image processing failure. Consequently, mean testosterone levels were also slightly higher in the restricted sample (mean 60.7 ± 59.1 ng/dL; range 5.7-574.4) than in the initial NIH cohort (mean 54.3 ± 56.4 ng/dL; range 4.5-574.4), although the range of values was similar in both groups.
Results
Demographics
Testosterone and CTh: Complete Sample and Subgroup Analyses
In the sample as a whole, there was a negative association between testosterone and CTh in the left posterior cingulate cortex (r-value of maximal significance = −0.2, 281 subjects, and 469 scans). When the complete sample was divided into subgroups of pre-and postpubertal males and females, it became apparent that this negative association was driven by postpubertal males, who not only showed negative associations between testosterone and CTh involving the left posterior cingulate gyrus, but extending to the adjacent precuneus area as well (r-value of maximal significance = −0.4, 56 subjects, and 77 scans). The other subgroups ( prepubertal males as well as pre-and postpubertal females) did not show significant associations between testosterone and CTh.
Testosterone and CTh: Associations Across the Age Span Analyses by age of the whole sample (281 subjects and 469 scans) taking into account each age from 4 to 22 years old revealed an "age by testosterone" interaction on CTh, that is, testosterone-related associations with CTh of certain brain regions significantly varied across the age span.
In the left hemisphere, there were negative associations between testosterone and CTh of the posterior cingulate cortex and the dorsolateral prefrontal cortex in ages 14-22 (r-value of maximal significance = −0.2), as well as negative associations between testosterone and CTh of the anterior cingulate and parahippocampal gyri in ages 21 and 22 (r-value of maximal significance = −0.15) (Supplementary Fig. S3 ). These associations were driven by postpubertal male subjects, with correlation values of the order of −0.4 for the left posterior cingulate cortex and the dorsolateral prefrontal cortex and of the order of −0.3 for the anterior cingulate (Fig. 1) .
In the right hemisphere, there was a positive association between testosterone levels and CTh in the somatosensory cortex in ages 4-7 (r-value of maximal significance = 0.15), which was later reversed, as testosterone levels became negatively associated to CTh in the same area in ages 17-22 (r-value of maximal significance = −0.15) ( Supplementary  Fig. S4 ). The associations between testosterone and CTh of the somatosensory cortex were driven by females, with correlation values of the order of 0.2 for prepubertal females and of the order of −0.25 in postpubertal females (Fig. 2) .
Sex and Age Interactions
All double interactions examining sex, age, or testosterone effects [the age by testosterone (Supplementary Fig. S5 ), "sex by testosterone" (Supplementary Fig. S6 ), and "sex by age" interactions ( Supplementary Fig. S7 )] were significant for several brain regions of both the left and right hemispheres. To clarify the combined effects of sex and age on testosterone-related cortical maturation, we examined the triple sex by age by testosterone interaction on CTh and found that this interaction involved even more widespread regions than the double interactions (Fig. 3) . Sex-and agespecific changes in association between testosterone and CTh observed across regions of significant interaction typically showed negative associations between testosterone and CTh pre-and postpubertally in males, whereas females showed Figure 1 . Males: testosterone effect on CTh of the left hemisphere across the age span (127 subjects and 199 scans). Midsagittal and lateral views are represented. There were negative associations between testosterone and CTh of the left posterior cingulate cortex, left anterior cingulate cortex, and left dorsolateral prefrontal cortex in postpubertal males. The scale used pictures the strongest positive associations in red and the strongest negative associations in light blue, with the shades in-between representing intermediate associations. All associations pictured were significant at P < 0.05, corrected for multiple comparisons, using RFT. Figure 2 . Females: testosterone effect on CTh of the right hemisphere across the age span (154 subjects and 270 scans). The midsagittal view is represented. There were positive (in prepubertal females), reversing to negative (in postpubertal females), associations between testosterone and CTh of the right somatosensory cortex. There were no significant associations between ages 9 and 19. The scale used pictures the strongest positive associations in red and the strongest negative associations in light blue, with the shades in-between representing intermediate associations. All associations pictured were significant at P < 0.05, corrected for multiple comparisons, using RFT. positive associations between testosterone and CTh when prepubertal, but then reversed to negative associations after puberty. An example of the sex and age effects on the relationship between testosterone and CTh is shown for the left posterior cingulate gyrus in Figure 4 .
Testosterone-Related Lateralization in Males and Females
When examining the testosterone by age by hemisphere interaction, completed in males and females separately, males were shown to exhibit significant testosterone-related thinning of the left dorsolateral and ventral prefrontal cortices when compared with the same regions of the right hemisphere (Fig. 5) , whereas females showed testosterone-related thickening of the right compared with the left somatosensory cortex (Fig. 6) . In contrast, the testosterone by age by hemisphere by sex interaction analysis revealed only trends in the expected areas of significance identified by the testosterone by age by hemisphere interaction analysis. For instance, there was a trend toward a significantly increasing negative effect of testosterone with age in males in the left dorsolateral cortex (P = 0.008, uncorrected) and ventral prefrontal cortex (P = 0.003, uncorrected) compared with these same areas in females. Only weak effects were present for the increasing positive effect of testosterone with age in females in the right somatosensory cortex (P = 0.05, uncorrected) when compared with the same area in males.
Pubertal Stages
When using the puberty variable with 5 defined pubertal stages based on the PDS in lieu of testosterone, we obtained results similar to those outlined earlier, with a decreased level of significance. Analyses with both the testosterone and puberty variables revealed that the associations between testosterone and CTh remained significant after controlling for pubertal stages; however, the pubertal effect did not remain significant after controlling for testosterone levels.
Handedness Adding handedness as a control variable to the above analyses had no significant impact on the results.
Discussion
While the current work replicates the reported trend for a negative association between testosterone and CTh during mid-to-late adolescence, it also uncovers unique findings including evidence for age-and sex-dependent associations between testosterone and CTh. Importantly, the sex by age by testosterone interaction involved widespread areas in both hemispheres and suggests an influence of testosterone on cortical development that changes with age and sex. However, when males and females were tested separately, only restricted regional effects of testosterone emerged. Postpubertal Figure 4 . Sex and age effects: CTh changes associated with testosterone in pre-and postpubertal males and females. These graphs show a typical example of how sex and age modulated the relationship between testosterone and CTh. There was an increase in the CTh in the left posterior cingulate gyrus associated with testosterone in prepubertal females, a relationship that was reversed in postpubertal females (blue lines). Males showed a testosterone-related decrease in the CTh in the same area in both pre-and postpubertal subjects, although the strength of the association differed (green lines). CTh_PCC, cortical thickness of the left posterior cingulate gyrus; ln_testo, natural logarithm of testosterone. Sex by age by testosterone interaction on CTh in the complete sample (281 subjects and 469 scans). There were differences between males and females in testosterone-related cortical maturation throughout puberty involving diffuse regions of both the left and right hemispheres. The scale pictures significant interactions in yellow, red, and blue, with regions in yellow-red being significant at the peak level, whereas those in blue are significant at the cluster level. All associations pictured were significant at P < 0.05, corrected for multiple comparisons, using RFT. males showed a negative association between CTh and testosterone levels in the left hemisphere, involving the posterior cingulate gyrus, precuneus, and dorsolateral prefrontal cortex and later the anterior cingulate gyrus. Early prepubertal females showed a positive association between CTh and testosterone levels in the right hemisphere, involving the somatosensory cortex, a relationship that was reversed in late postpubertal females with a negative association in the same area. To our knowledge, there are no prior reports identifying positive relationships between testosterone and CTh. However, such a relationship could be viewed as consistent with observations in developing animals of a neuroprotective influence of testosterone in females from developmentally programmed apoptosis (Davis et al. 1996) .
We also explored whether parallel relationships with CTh could be discerned when pubertal stages were used as a proxy for hormonal influences. There were similar, but less significant, associations between CTh and pubertal staging as defined by the PDS when compared with results based on testosterone levels. Therefore, testosterone levels and the PDS appear to reflect similar processes, but the measurement of testosterone levels as an index of increasing pubertal maturity was associated with more robust interactions with CTh as opposed to using pubertal status as defined by the PDS.
Testosterone-Related Changes in CTh: Potential Implications for Cognition and Behavior
In this study, we found the posterior cingulate, precuneus, anterior cingulate, dorsolateral, and somatosensory cortices to be most significantly associated with testosterone levels and therefore likely to be most sensitive to the effects of testosterone. Concerning functions previously ascribed to these brain regions, the posterior cingulate cortex has been shown to be involved in spatial orientation and episodic memory (Vogt et al. 1992) , the precuneus in visuospatial tasks such as mental rotation and block design tasks (Cavanna and Trimble 2006) , and the somatosensory cortex in perceptual sensory functions (Ruben et al. 2001) . In contrast, the anterior cingulate cortex appears to play a role in attention and emotional regulation (Vogt et al. 1992) , whereas the left dorsolateral cortex has been implicated in anxiety, depression, executive function, and working memory, especially verbal working memory (D'Esposito et al. 1995; Davidson et al. 1999) .
Therefore, in the light of the current literature, it could be speculated that testosterone-related sex differences in CTh in the posterior cingulate gyrus and precuneus may impact sex-related differentiation of visuospatial skills throughout childhood and adolescence. In turn, testosterone-related differences in CTh in the primary somatosensory cortex may be associated with sex differences in sensory gating/threshold and influence fine motor dexterity. Finally, testosteronerelated differences in CTh in the left dorsolateral cortex may be associated with sex differences in verbal memory and fluency, whereas testosterone-related effects on the anterior cingulate cortex may be associated with sex-specific variations on attention and thus may account for the greater vulnerability of males to disorders of cognitive control such as attention-deficit hyperactivity disorder.
Testosterone-Related Hemispheric Lateralization
Several animal and human studies suggest that sex steroids, in particular testosterone, may play a role in cortical asymmetry and therefore affect cerebral dominance (Wisniewski 1998) . In contrast, evidence for testosterone-related lateralization of cognitive functions is limited by methodological heterogeneity, small sample sizes, hormonal variations, and limited reporting about the strength and direction of lateralization ). In fact, attention has been mostly focussed to date on prenatal testosterone levels rather than Figure 5 . Males: testosterone-related lateralization effects (127 subjects and 199 scans). Significant differences between the left and right hemispheres are displayed. Throughout the age span, males showed significant testosterone-related thinning of the left dorsolateral and ventral prefrontal cortices when compared with the same regions of the right hemisphere. The scale pictures significant interactions in yellow, red, and blue, with regions in yellow-red being significant at the peak level, whereas those in blue were significant at the cluster level. All associations pictured were significant at P < 0.05, corrected for multiple comparisons, using RFT. Figure 6 . Females: testosterone-related lateralization effects (154 subjects and 270 scans). Significant differences between the left and right hemispheres are displayed. Throughout the age span, females showed testosterone-related thickening of the right compared with the left somatosensory cortex. The scale pictures significant interactions in yellow, red, and blue, with regions in yellow-red being significant at the peak level, whereas those in blue were significant at the cluster level. All associations pictured were significant at P < 0.05, corrected for multiple comparisons, using RFT. peripubertal changes in testosterone (Geschwind and Galaburda 1985; Pfannkuche et al. 2009; Schaafsma et al. 2009 ).
In the present study, we found peripubertal testosterone levels to affect CTh in the left hemisphere more than the right hemisphere in males, whereas the opposite held true for females, with the right hemisphere being more significantly affected by testosterone levels than the left hemisphere. The same findings persisted when controlling for handedness, supporting the view that manual dominance likely follows a different process from lateralization of cognitive functions such as verbal or visuospatial dominance (Geschwind and Galaburda 1985) . This relationship between testosterone and the left hemisphere in males and the right hemisphere in females, respectively, was also shown to be age-specific and to evolve throughout puberty.
These results were significant when testosterone-related lateralization effects were examined in males and females separately, comparing the left with the right hemisphere. Only trends remained when we directly compared CTh of the left and right hemispheres in males versus females. Still, the current findings suggest that lateralization may follow different patterns in males and females and may represent a more dynamic process than previously thought. This is partly supported by recent investigation into interhemispheric inhibition of the dominant hemisphere on the nondominant hemisphere and functional organization within hemispheres, showing that these functional cerebral asymmetries are sex-specific and sex-hormone-dependent, being relatively stable in men and fluctuating in women across the menstrual cycle (Weis and Hausmann 2010) . In addition, our results are in accordance with Geschwind's theory of lateralization, which predicts testosterone levels to be associated with decreased growth in the left hemisphere in specific brain areas in males (Geschwind and Galaburda 1985) . However, while Geschwind's theory focussed on testosterone exposure in utero and early childhood, we found that peri-and postpubertal levels of testosterone were significantly associated with decreased CTh of the left hemisphere in males (Geschwind and Galaburda 1985) .
Putative Mechanisms of Action of Testosterone in the Cerebral Cortex
Several mechanisms may play a role in modulating the effects of testosterone in the brain: (1) testosterone could act directly on androgen receptors, (2) testosterone could act indirectly on estrogen receptors through its conversion to estradiol by aromatization, and (3) both mechanisms may be present simultaneously. In each specific brain region, the relative importance of these mechanisms is determined by levels of the converting enzyme aromatase in that region and its ratio of androgen/estrogen receptors. Differences in the distribution of aromatase in the brain may underlie, in part, this study's findings of testosterone-related changes in CTh in very localized brain regions as opposed to more global/lobar effects (Biegon et al. 2010 ). However, this mechanism is unlikely to be responsible for the reported sex differences. Indeed, in contrast to previous reports from animal studies (Abdelgadir et al. 1994; Roselli and In contrast, both animal and human studies suggest that there are sex differences in levels and distribution of androgen and estrogen receptors throughout the brain, a dynamic phenomenon that also varies across puberty and could potentially underlie the testosterone-related sex differences in CTh reported here (Goldstein et al. 2001; Raznahan et al. 2010; Wilson et al. 2011 ). An important caveat is that this study was not designed to look at specific mechanisms of action; therefore, the relative importance of each of the outlined mechanisms in specific testosterone-sensitive brain regions cannot be ascertained from the current results.
Strengths and Limitations
Limitations include methodological variations in collection times of salivary testosterone that may have led to decreased sensitivity and specificity of the measured peripheral-free testosterone levels, even though we attempted to correct for this by controlling for collection time in the analysis. There were also no data collected on androgen receptor polymorphisms, which may impact the degree of cortical growth or cortical thinning related to testosterone, particularly in males (Perrin et al. 2008) . In contrast, research into testosterone-related effects in the human brain remains scarce, with few structural studies involving pediatric samples. Results from this study represent clear evidence of age-and sex-dependent testosterone associations with cortical growth. Findings stress the importance of looking at changing levels of testosterone across puberty rather than limiting explorations to prenatal testosterone. Strengths also include the large sample size, the broad age range examined, and the longitudinal design allowing modeling of the relationship between testosterone levels and CTh at each age point.
Conclusions
In summary, findings were compatible with the view that testosterone influences brain development, that this influence changes with age and sex, and further suggested sex-related hemispheric lateralization effects of testosterone. Pronounced regional effects were observed in this study in key cortical regions known to be implicated in visuospatial and sensorimotor skills as well as behavioral regulation. In addition, the tendency for testosterone to be associated with cortical maturation in the left hemisphere for males and in the right hemisphere for females supported the view that sex differences in hemispheric lateralization progress throughout puberty.
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